D
uring the acute phase of a CD8 ϩ T cell response to an antigen, naive CD8 ϩ T cells can undergo massive proliferation and expansion (1, 2) , resulting in a large population of effector CD8 ϩ T cells expressing intracellular perforin and capable of cytolytic activity. The overall effectiveness of a T cell response to a pathogen is in part determined by the magnitude of this expansion. For example, in HIV infection, control of acute virus infection has been linked to the magnitude of the antiviral CD8 ϩ T cell response (3) . The magnitude of the T cell response is regulated in part by signals delivered to T cells through cytokine receptors. The IL-2 receptor (IL-2R) complex is a heterotrimer comprised of a unique ␣ chain (CD25), a ␤ chain shared with the IL-15 receptor, and a ␥ chain shared with the IL-4, IL-7, IL-9, and IL-15 receptors, all of which also can deliver proliferative signals (4) . CD25 is required for high affinity binding of IL-2 but is dispensable for signal transduction by the receptor (5, 6) . IL-2 was first described as a growth and survival factor capable of inducing T cell proliferation, and the elimination of IL-2 from proliferating T cells can lead to cytokine withdrawal-mediated cell death. However, IL-2 has since been shown to also have negative regulatory effects on T cell responses. IL-2 enhances activation-induced cell death (AICD) in T cells (7) and may inhibit T cell expansion during the acute response to antigen by down-regulating the shared ␥ c chain, resulting in decreased T cell proliferation, reduced bcl-2 expression, and increased T cell death (8) . The potential negative regulatory role of IL-2R signaling in T cell responses is particularly evident in mice deficient in IL-2. IL-2 Ϫ/Ϫ mice exhibit only mild immunodeficiency (9) , but T cells from IL-2 or CD25-knockout mice exhibit decreased cell death after activation (8) , and the mice demonstrate marked accumulation of lymphocytes, generally succumbing to fatal T cellmediated autoimmune diseases (10, 11) . However, concluding the physiologic role of IL-2 in peripheral T cell responses from these mice may be misleading, because such mice may also have confounding defects in thymic selection and͞or production of regulatory CD4 ϩ and CD8 ϩ T cells (12, 13) . The mild impairment in T cell expansion in IL-2 Ϫ/Ϫ mice may be caused by compensatory positive contributions of other cytokines, particularly IL-15, to T cell proliferation during the acute phase of a T cell response after antigen encounter. IL-15 promotes T cell proliferation and appears to protect T cells from AICD in vitro (14, 15) . Furthermore, IL-15 recently has been shown to drive CD4 ϩ T cell expansion after antigen stimulation in vivo and play a critical role in the maintenance of memory CD8 ϩ T cells (8, 16) . Thus, it has been suggested that IL-15 rather than IL-2 may be the essential cytokine for expanding T cells as well as establishing and maintaining T cell memory.
CD8 ϩ T cells generally lose the ability to produce IL-2 after differentiation into effector T cells (17, 18) . Based on the two opposing effects of IL-2R signaling, this might not only result in tighter regulation of the CD8 ϩ T cell response by increasing the dependence for continued expansion on CD4 ϩ T helper (Th) cell production of IL-2, but also represent a mechanism to shield CD8 ϩ T cells from IL-2-mediated cell death. One approach to examine the role of IL-2 in CD8 ϩ T cell responses has been to provide excess exogenous IL-2, which can increase IL-2R signaling after antigen stimulation. Enhanced CD8 ϩ T cell responses after IL-2 administration have been observed in both mice and humans (19, 20) . However, exogenous IL-2 could act indirectly by activating CD4 ϩ Th cells, which in turn enhance CD8 ϩ T cell responses by means of alternative pathways (21) . Additionally, the effects of exogenous IL-2 may vary depending on the dominant sites of the immune response, as IL-2 administered systemically may variably penetrate and persist in peripheral tissues. Finally, IL-2 administration cannot be synchronized with T cell activation, and thus might have unpredictable effects on CD8 ϩ T cell function and viability. Therefore, our Abbreviations: TCR, T cell receptor; IL-2R, IL-2 receptor; GM-CSF, granulocyte-macrophage colony-stimulating factor; GMIL2R, GM-CSF͞IL-2 receptor; AICD, activation-induced cell death; Tg, transgenic; CFSE, carboxyfluorescein diacetate-succinimidyl ester; FBL, Friend virus-induced leukemia.
laboratory has been exploring strategies to genetically modify CD8 ϩ T cells to provide an antigen-regulated, autocrine IL-2 signal in effector͞memory as well as in naive CD8 ϩ T cells.
Differentiated effector CD8 ϩ T cells retain the capacity to secrete many cytokines including granulocyte-macrophage colony-stimulating factor (GM-CSF) (17), but do not express the GM-CSF receptor (22) . Our laboratory has developed chimeric GM-CSF͞IL-2Rs (GMIL2R) consisting of the ligand-binding ectodomains of the GM-CSF receptor ␣ and ␤ chains fused with the signaling, cytoplasmic endodomains of the IL-2R ␥ and ␤ chains, respectively. GM-CSF induces dimerization of the chimeric GMIL2R chains, resulting in delivery of the authentic IL-2 signal (6). Because GM-CSF is not detectable in the serum (23) , and production by T cells after T cell receptor (TCR) ligation follows similar kinetics to IL-2 production by T cells (24) , functional signals to T cells expressing the GMIL2R should be limited primarily to T cells responding to antigen.
To study the effect of augmented signaling by means of the IL-2R in responding CD8 ϩ T cells in vivo, we have generated transgenic (Tg) mice expressing the murine GMIL2R under the control of a CD8 enhancer͞promoter element (25) . CD8 ϩ T cells from GMIL2R Tg mice exhibited GM-CSF-mediated autocrine growth in vitro and increased T cell proliferation and expansion in vivo, without a proportional increase in T cell death after antigen stimulation either in vitro or in vivo. The results suggest that the availability of IL-2R signals to CD8 ϩ T cells limits the size of T cell responses and regulates CD8 ϩ T cell expansion predominantly by a positive influence on the magnitude of T cell proliferation and expansion.
Materials and Methods
Mice. All mice were maintained in a specific pathogen-free facility according to University of Washington guidelines. B6, RAG Ϫ/Ϫ , and Thy1.1 congenic mice all were obtained from The Jackson Laboratories. TCR ␣FBL Tg mice were generated in our laboratory, and Ͼ98% of CD8 ϩ T cells in these mice express an H-2D b -restricted TCR (V ␣ 3͞V ␤ 12) specific for the gag protein of Friend virus-induced leukemia (FBL) cells (C.Ö ., unpublished work).
Generation of Chimeric GMIL2R Genes and GMIL2R Tg Mice. Murine GM␣IL2R␥ and GM␤IL2R␤ genes were constructed in a similar manner to human chimeric receptors previously generated in our laboratory (6) , and each chimeric receptor chain was separately cloned into the CD8 enhancer͞promoter vector Tg-D, kindly provided by Dan Littman (Skirball Institute, New York). The GM␣IL2R␥ and GM␤IL2R␤ transgene cassettes were then isolated, combined at an Ϸ1:1 molar ratio, and microinjected into fertilized B6 eggs. Genotyping of founder mice was performed by Southern blot of tail DNA, digested with BamHI, and probed with a portion of the CD4 gene, which is also part of the transgene construct. Purification of Anti-CD4 mAb. The anti-CD4 mAb secreting GK1.5 hybridoma was grown in DMEM supplemented with 10% FBS. Supernatant was collected and precipitated with 50% NH 4 Cl. The precipitate was reconstituted in 1ϫ PBS and dialyzed against 1ϫ PBS before use.
Antibodies and Flow Cytometry. Antibodies (conjugated to various fluorochromes or biotin) against the following molecules were used: CD4, CD8, CD25, CD44, CD62L, CD69, Ly6c, V ␣ 3.2, and Thy1.2 (PharMingen). Cell death was assessed by surface binding of annexin V and uptake of 7AAD (PharMingen). Antibody staining was performed in RPMI supplemented with 1-10% FBS and annexin V in annexin V binding buffer. Cells were analyzed by using a FACSCalibur and CELLQUEST software (Becton Dickinson).
Results

Naive CD8 ؉ T Cells Lose the Ability to Produce IL-2 But Not GM-CSF After Differentiation into Effector T Cells.
To analyze the cytokine secretion profile of naive and effector CD8 ϩ T cells after antigen stimulation, large numbers of antigen-specific CD8 ϩ T cells bearing a defined TCR specificity were required. Thus, we stimulated either naive CD8 ϩ T cells from spleens of TCR ␣FBL Tg mice with irradiated FBL-3 cells, or effector TCR ␣FBL cells generated by repetitive in vitro stimulation of TCR ␣FBL Tg CD8 ϩ T cells, and compared GM-CSF and IL-2 production. The weekly stimulation of TCR ␣FBL cells with antigen for Ͼ5 weeks differentiates all T cells into effector cells, which display direct cytolytic activity, and are uniformly CD25 ϩ , CD69 ϩ , Ly6c hi , CD44 hi , and CD62L Ϫ (data not shown). Analysis of culture supernatants from stimulated naive and effector TCR ␣FBL cells at 72 h by ELISA revealed that freshly isolated, naive TCR ␣FBL cells produced both IL-2 and GM-CSF (Fig. 1) . By contrast, effector TCR ␣FBL cells no longer produced measurable levels of IL-2 but did produce equivalent amounts of GM-CSF as naive T cells. Analysis of culture supernatants at multiple time points revealed similar comparative results (data not shown).
Generation and Characterization of GMIL2R Tg Mice. Tg mice expressing the GMIL2R in CD8 ϩ T cells were constructed with the GM␣IL2R␥ and GM␤IL2R␤ transgenes under the control of a 6.0-kbp CD8 enhancer͞promoter element that drives transgene expression exclusively in mature CD4 Ϫ CD8 ϩ single positive thymocytes and peripheral CD8 ϩ T cells (25) . Thus, the transgenes are not expressed during thymocyte maturation and selection. Founder mice were analyzed for transgene integration by Southern blot analysis using a probe derived from a portion of the CD4 sequence ( Fig. 2A) . One mouse (F9) of 16 founder mice had integrated both transgenes (Fig. 2B) . Comparison of the relative intensity of each chimeric transgene band with the endogenous CD4 band by densitometry suggested F9 carried Ϸ6 copies of the GM␤IL2R␤ transgene and 12 copies of the GM␣IL2R␥ transgene. The two transgenes appeared to have integrated at a single locus as genotyping of offspring revealed cosegregation of the transgenes and stable transmission of the relative transgene copy number (data not shown).
Examination of transgene expression by reverse transcription-PCR demonstrated that the chimeric receptors were expressed only in CD8 ϩ cells (Fig. 6 , which is published as supporting information on the PNAS web site, www.pnas.org), and mice expressing the GMIL2R transgenes did not exhibit any gross changes in central or peripheral lymphoid T cell populations. Thymi, lymph nodes, and spleens from GMIL2R Tg mice showed no discernible difference in total cell number or in the size of the CD4 and CD8 T cell populations as compared with B6 mice (data not shown).
Chimeric protein expression was assessed by immunoblot of T cell lysates with antibodies specific for the intracellular portions of the IL-2R␤ and IL-2R␥ chains. GMIL2R ϩ T cells expressed significant amounts of both transgenes relative to the endogenous IL-2R chains ( Fig. 2 C and D) . By densitometry, GMIL2R ϩ T cells expressed equivalent levels of the GM␤IL2R␤ and GM␣IL2R␥ proteins compared with endogenous IL-2R␤ and ␥ chain expression.
The GMIL2R is expressed in a constitutive fashion. Thus, the possibility that GMIL2R ϩ T cells were inappropriately activated or proliferated in the absence of antigen was tested. Similar to control TCR ␣FBL T cells, fresh CD8 , suggesting that TCR ␣FBL ϫGMIL2R cells were phenotypically naive (data not shown). To examine the potential for antigen-independent proliferation, freshly isolated TCR ␣FBL ϫGMIL2R splenic T cells were exposed to 5 ng͞ml GM-CSF, which is 10-fold higher than the concentration required to induce proliferation of transfected CTLL-2 cells expressing the chimeric GMIL2R (data not shown). Seventy two hours later, the T cells were pulsed for 18 h with [ 3 H]thymidine. No increase in proliferation was observed in TCR ␣FBL ϫGMIL2R cells compared with TCR ␣FBL cells exposed to 5 ng͞ml GM-CSF in the absence of antigen stimulation (Fig. 2E) . Similarly, neither TCR ␣FBL nor TCR ␣FBL ϫGMIL2R T cells showed a significant increase in proliferation above background when exposed to 20 units͞ml IL-2, consistent with reports that naive T cells do not respond to even pharmacologic doses of IL-2 in the absence of a TCR trigger (26) .
The potential for antigen-independent proliferation was also examined in vivo. Naive TCR ␣FBL and TCR ␣FBL ϫGMIL2R T cells were labeled ex vivo with CFSE to monitor cell divisions and inoculated i.v. into B6 hosts. After 7 days in vivo, nearly all GMIL2R ϩ and GMIL2R Ϫ T cells had failed to divide (Fig. 2F) . Additionally, similar numbers of TCR ␣FBL and TCR ␣FBL ϫGMIL2R cells were recovered at 7 days, suggesting there was not increased retention (or loss) of TCR ␣FBL ϫ GMIL2R cells (data not shown). (Fig. 3A) . Both TCR ␣FBL and TCR ␣FBL ϫGMIL2R cells proliferated equally after recognition of FBL in the presence of exogenous IL-2, but no proliferation was observed in TCR ␣FBL cells stimulated with FBL alone or supplemental GM-CSF. By contrast, TCR ␣FBL ϫ GMIL2R cells proliferated in response to FBL in the absence of exogenous cytokines. The addition of exogenous GM-CSF further increased proliferation in response to antigen to levels equivalent to that observed with the addition of exogenous IL-2, suggesting that the amount of available cytokine, and not the level of GMIL2R expression, limited the degree of autocrine proliferation.
Cellular expansion resulting from the autocrine proliferation observed in TCR ␣FBL ϫGMIL2R cells was assessed. Effector TCR ␣FBL and TCR ␣FBL ϫGMIL2R cells were stimulated with irradiated FBL in the presence or absence of 20 units͞ml IL-2, and viable cells excluding trypan blue were counted after 4 days. Both wild-type and GMIL2R ϩ T cells displayed significant Fig. 1 . GM-CSF and IL-2 production by naive and effector CD8 ϩ T cells. Naive and effector TCR ␣FBL CD8 ϩ T cells were stimulated with FBL and supernatants were examined for IL-2 and GM-CSF secretion 72 h later. numerical expansion in the presence of IL-2 (Fig. 3B) . However, in the absence of supplemental exogenous IL-2 after antigen stimulation, TCR ␣FBL cells did not expand, whereas TCR ␣FBL ϫGMIL2R T cells expanded approximately 4-fold. This response was approximately 40% of the expansion seen with cells supplemented with pharmacologic doses of 20 units͞ml IL-2. The addition of 1 ng͞ml of exogenous GM-CSF increased growth of TCR ␣FBL ϫGMIL2R T cells to levels similar to those observed with IL-2 supplementation. To confirm that the observed autocrine growth was GM-CSF-dependent, anti-GM-CSF-neutralizing mAb was added at the initiation of culture. The mAb completely inhibited the expansion of TCR ␣FBL ϫGMIL2R T cells after FBL stimulation (Fig. 3C) . The mAb itself was not toxic, as the addition of IL-2 in the presence of anti-GM-CSF mAb restored T cell expansion (data not shown).
GMIL2R ؉ T Cells Do Not Display Enhanced Susceptibility to AICD.
IL-2R signals can be associated with augmented AICD in CD8 ϩ T cells, particularly if T cells are exposed to repetitive TCR activation (7) . Therefore, fresh naive splenic TCR ␣FBL and TCR ␣FBL ϫGMIL2R T cells were stimulated with irradiated FBL at a 1:1 responder͞stimulator ratio. After 72 h in culture, nearly all CD8 ϩ T cells expressed an activated CD69 ϩ CD44 hi phenotype (data not shown). The activated T cells were then washed and restimulated in ␣CD3-coated or control (uncoated) plates to initiate triggering of all T cells, and 20 h later, apoptosis was examined by staining with annexin V (Fig. 4) . The restimulation of activated T cells led to apoptosis of 28% of the TCR ␣FBL cells, which represented a 4-to 5-fold increase compared with cells that did not receive a secondary restimulation. Apoptosis in TCR ␣FBL ϫGMIL2R cells was similar to TCR ␣FBL cells, suggesting that the increased proliferation resulting from endogenous production of GM-CSF and delivered by means of the GMIL2R did not lead to increased susceptibility to AICD. (Fig. 5 A and B) . After immunization with FBL, 57% of the recovered TCR ␣FBL cells had undergone at least one round of proliferation, but only 12% of cells had achieved five or more divisions (Fig. 5A) . By contrast, 84% of recovered TCR ␣FBL ϫGMIL2R cells had completed at least one round of cell division with nearly half (44%) of the cells having undergone five or more divisions. The reduction in percent of cells that had failed to undergo proliferation reflected numerical dilution from the increased proliferative response because 2.3 times the number of TCR ␣FBL ϫGMIL2R cells were recovered as compared with TCR ␣FBL cells (Fig. 5B) . The increased expansion of TCR ␣FBL ϫGMIL2R cells was underscored when T cell numbers were broken down into each division. In division 0, nearly equal numbers of TCR ␣FBL and TCR ␣FBL ϫGMIL2R cells were recovered. By contrast, there was a nearly 4-fold increase in recovery of TCR ␣FBL ϫGMIL2R cells having divided one or more times, and a greater than 8-fold difference between the number of TCR ␣FBL and TCR ␣FBL ϫGMIL2R cells dividing five or more times.
To determine whether the increase in IL-2 signals delivered by means of the GMIL2R led to sustained expansion after antigen exposure or an accompanying increase in cell loss from AICD and͞or cytokine withdrawal, TCR ␣FBL and TCR ␣FBL ϫGMIL2R cells were transferred into T cell-deficient RAG Ϫ/Ϫ hosts, and the mice were primed with 10 7 irradiated FBL (day 0). The RAG Ϫ/Ϫ mice provided a setting in which endogenous T cell responses were absent, facilitating detection and enumeration of donor T cells for the duration of the experiment. Mice were bled and given a second immunization on day 14, and bled again 5 days later (day 19), a time point demonstrated to be the peak of expansion (27) . On day 40, nearly 4 weeks after the second immunization, mice were immunized again and peripheral blood lymphocytes were analyzed on days 40 and 45 (Fig. 5C ). Equivalent numbers of TCR ␣FBL and TCR ␣FBL ϫGMIL2R cells were recovered from unimmunized controls at each time point, consistent with the lack of homeostatic expansion of T cells transferred into antigen-negative RAG Ϫ/Ϫ hosts (28) . FBL immunization increased the number of T cells detected at all time points. Fourteen days after the first immunization, there was a slight 1.3-fold increase in the number of TCR ␣FBL ϫGMIL2R cells compared with TCR ␣FBL cells (4.2 to 3.1). This ratio increased at the peak of expansion after the second immunization with 1.6-fold more TCR ␣FBL ϫGMIL2R cells than TCR ␣FBL cells on day 19. On day 40, a proportional decrease from the peak on day 19 in the number of expanded TCR ␣FBL and TCR ␣FBL ϫGMIL2R cells was observed, suggesting a similar survival capacity of TCR ␣FBL and TCR ␣FBL ϫGMIL2R T cells. At day 45, 5 days after the third immunization, the number of TCR ␣FBL cells increased by 65% from the day 40 total, whereas the number of TCR ␣FBL ϫGMIL2R cells increased more than 200%. Thus, TCR ␣FBL ϫGMIL2R cells also possessed an enhanced capacity to expand after repeated antigen stimulation in vivo. Discussion IL-2 can promote T cell proliferation and survival as well as lead to T cell death, making it difficult to define the precise role of IL-2R signals in CD8 ϩ T cell responses. Approaches to address this issue in vivo have included modulating IL-2R activity by interfering with IL-2R function, disrupting IL-2 or IL-2R genes, or administering pharmacologic doses of exogenous IL-2, but interpretation of the results may be confounded by the multiple developmental stages and distinct functions of T cell subsets that can be impacted by global alterations in IL-2. Therefore, we examined the effect of enhanced, regulated IL-2R signaling during CD8 ϩ T cell responses by generating Tg mice that express a chimeric GMIL2R under the control of a CD8 enhancer͞ promoter element, as this model mimics the effects of increased availability of IL-2 to trigger the IL-2R selectively in responding CD8 ϩ T cells. In particular, the native GM-CSF receptor and IL-2R have nearly identical K d (Ϸ30 pM) as well as on͞off rates and t 1/2 values of ligand release (29, 30) , and ligand binding by the GMIL2R transduces a signal that is indistinguishable from the native IL-2R kinetically and functionally (31) (32) (33) .
Upon antigen encounter, GMIL2R ϩ T cells displayed significantly greater proliferation than wild-type T cells in vivo with a 2-to 4-fold increase in the number of progeny T cells, suggesting the proliferative response to the increased IL-2 signals delivered by means of the GMIL2R exceeded any potential concurrent apoptotic response. The increased proliferation, expansion, and persistence of GMIL2R ϩ T cells support a model in which the predominant role of regulated IL-2R signals after antigen encounter is to promote T cell expansion and survival.
The observed enhanced T cell proliferation and expansion after antigen stimulation in the presence of augmented IL-2R signals are consistent with a proposed model in which IL-2 provided early in the response can increase T cell proliferation (34) , but directly contrast with observations suggesting that IL-2 inhibits T cell expansion and enhances T cell death after antigen encounter in vivo (8) . These latter studies demonstrated that IL-2-deficient CD4 ϩ T cells proliferated more than wild-type T cells in response to alloantigen stimulation in vivo (8) . The difference from our results may be attributed to several factors. First, IL-2R signals play a role in T cell development (35) , and the loss of IL-2R signals during thymic development could lead to an altered peripheral T cell compartment that responds differently to antigen. For example, the peripheral CD4 ϩ and CD8 ϩ T cells of IL-2 Ϫ/Ϫ mice display increased expression of CD69 and CD44 (36) , suggesting these cells are not physiologically naive. Thus, the increased proliferation observed after antigen stimulation of IL-2-deficient CD4 ϩ T cells may be caused in part by the increased proliferative response of effector and memory T cells after antigen stimulation (37) . The absence of IL-2 in IL-2 Ϫ/Ϫ mice also interferes with the development and function of CD4 ϩ CD25 ϩ T regulatory cells (12, 13) , which could contribute to a hyperproliferative T cell response to antigen (13) . Finally, the contrasting results could potentially reflect inherent differences in the responses of CD4 ϩ and CD8 ϩ T cells to IL-2R signaling after antigen stimulation.
IL-15 rather than IL-2 has been proposed as the critical growth and survival factor for T cells after antigen stimulation in vivo. Blockade or disruption of IL-15 signaling in vivo results in reduced numbers of CD8 ϩ T cells with memory phenotype and in a reduced proliferative response to alloantigen, and in some models, IL-2 blockade can have the opposite effect, leading to the suggestion that IL-2 and IL-15 have distinct and perhaps contrasting effects on T cell survival (8, 16, 38) . The molecular basis for these observations is unclear given the common use by the IL-2R and IL-15R of the two receptor subunits that signal the IL-2R␤ and ␥ c chains (5, 6) . However, the IL-15R␣ chain can bind TRAF2 intracellularly, which may provide an additional antiapoptotic signal (39) , but the ability of this potential IL-15R signaling domain to protect T cells from cell death has not yet been demonstrated. GM-CSF is not detectable in serum and is expressed by CD8 ϩ T cells only after antigen stimulation with expression kinetics similar to IL-2 and CD25 (24) . Therefore, the GMIL2R should transduce signals in the Tg mice primarily at sites of antigen presentation, similar to the activity of the native IL-2R in CD8 ϩ T cells when engaged by IL-2. Thus, the observed increased proliferation and expansion of GMIL2R ϩ T cells after antigen stimulation in vivo suggests that rather than having opposing effects, IL-2R and IL-15R signaling may have similar biological outcomes with the unique primary functions of the cytokines more likely attributable to distinct patterns of ␣ chain and cytokine expression (38) . GMIL2R ϩ T cells exhibited increased proliferation and expansion after antigen stimulation in vitro, but surprisingly, this increase in IL-2R signaling did not lead to an accompanying increase in AICD. The IL-2R activates multiple signaling molecules, including Stat5, Shc, and Akt͞protein kinase B (PKB). Each of these molecules has distinct effects on T cell function and leads to transcription of specific target genes. Stat5 is critical for IL-2R-mediated proliferation but is also required for Fasmediated apoptosis (33, 40, 41) . By contrast, Shc and Akt͞PKB do not enhance T cell death but together can increase proliferation and survival by means of up-regulation of c-myc, bcl-2, and bcl-x L (41) (42) (43) . Akt͞PKB also activates the antiapoptotic factor NF-B in T cells (44) . As NF-B, bcl-2, and bcl-x L are capable of inhibiting Fas͞tumor necrosis factor receptor I (TNFRI)-mediated T cell death (45) (46) (47) , the lack of increased susceptibility to AICD observed in GMIL2R ϩ T cells, despite increases in IL-2R and Stat5 signaling, may reflect the relatively enhanced activity of one or more of these antiapoptotic factors and͞or may be a consequence of the regulated timing and kinetics at which the increased IL-2R signals are delivered. Additionally, failure to observe increased AICD in responding GMIL2R ϩ cells may reflect a physiologic level of cytokine rather than the pharmacologic amounts needed to induce high-level expression of Fas͞FasL and TNFRI͞tumor necrosis factor (48).
After the peak level of T cell expansion and antigen clearance, CD8 ϩ T cells become increasingly sensitive to elimination by means of apoptosis, which may occur by means of AICD, growth factor withdrawal-mediated cell death (37) . Increased cell cycling driven by augmented IL-2R signals during the response to antigen could potentially lead to a higher number of cells at the peak of expansion, but subsequently to a greater loss of functional responding T cells. However, 4 weeks after immunization, GMIL2R ϩ T cells showed a similar proportional loss of T cells from the peak of expansion as compared with GMIL2R Ϫ T cells (Fig. 5C) . Moreover, the resulting memory T cells were functional as restimulation led to further expansion of GMIL2R ϩ T cells compared with controls.
IL-2R signals can potentially result in T cell expansion or death. The autoimmune syndromes of mice bearing targeted disruptions in IL-2 or IL-2R components and the increase in CD8 ϩ T cells with memory phenotype after IL-2 blockade in vivo highlight the potential importance of the negative regulatory role of IL-2R signaling, but if IL-2R signaling is predominantly involved in the negative regulation of T cell responses augmented IL-2R signals in responding T cells would be expected to lead to an overall decrease in the size of the response with loss of the responding T cells. Increased IL-2R signaling by means of the GMIL2R regulated by target recognition had the opposite effect, suggesting a dominant positive regulatory role for IL-2 in responding CD8 ϩ T cells. Thus, the availability of IL-2 to responding CD8 ϩ T cells likely plays an important positive role in determining the overall size and effectiveness of the T cell response.
